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ABSTRACT 

Recent tests on the 38m Mod-O horizontal axis experimental wind 
turbine have yielded quantitative information on stall induced 
instability of a teetered rotor. Tests were conducted on rotor 
blades with NACA 230 series and NACA 643“618 airfoils at low rotor 
speeds to produce high angles of attack at relatively low wind speeds 
and power levels. The behavior of the rotor shows good agreement 
with predicted rotor response based on blade angle of attack 
calculations and airfoil section properties. The untwisted blades 
with the 64 series airfoil sections had a slower rate of onset of 
rotor instability when compared with the twisted 230 series blades, 
but high teeter angles and teeter stop impacts were experienced with 
both rotors as wind speeds increased to produce high angles of attack 
on the outboard portion of the blade. The relative importance of 
blade twist and airfoil section stall characteristics on the rate of 
onset of rotor unstability with increasing wind speed was not 
established however. Blade pitch was shown to be effective in 
eliminating rotor instability at the expense of some loss in rotor 
performance near rated wind speed. 


INTRODUCTION 

The latest large horizontal axis wind turbine designs in the U, S, 
have shown a definite preference for two-bladed, teetered rotors. 
This design choice is influenced largely by the cost of wind turbine 
blades and the reduced loads afford ’ by a teetered rotor on a 
two-bladed machine. Both the 2,5 MW Mod-2 wind turbine, recently 
installed at Goodnoe Hills, Washington and the 4 MW WTS-4/SVU wind 
turbine, under construction at Medicine Bow, Wyoming have two-bladed, 
teetered rotors. In support of these programs, tests have been 
conducted of the Mod-0 100 kW Experimental wind turbine to provide 
information on operational characteristics of two-bladed teetered 
rotors and results were presented in References 1 and 2, 
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Concern was expressed early 1n the design of teetered rotors about 
the amplitude of teeter motion which affects tower clearance, 

Coriolis forces 1n the drive train, and the design of teeter motion 
stops. Initial tests on the Mod-0 Indicated teeter motions in excess 
of +6 degrees could be expected In gusty wind conditions [I], As 
more operational experience was gained. It became obvious that the 
large amplitude teeter motions were connected with a reduced rotor 
stability margin which occurs as the rotor operates near rated wind 
speed [2], where high local angles of attack occur on the outboard 
portion of the rotor blade. Subsequent to this discovery, tests 
were conducted on the Mod-0 wind turbine to more clearly define the 
effect of stall on a teetered rotor stability. The results of these 
tests are the subject of this report. 


TEST CONFIGURATION 

The teetered rotor stall tests were conducted on the Mod-0 100 kW 
experimental wind turbine shown schematically in Figure 1. The 
essential features of the machine are described in References 1 and 
2. All tests were conducted in the downwind rotor configuration, 

I.e., with the rotor downwind of the supporting tower. Two rotor 
configurations were tested, a fixed pitch rotor with highly twisted 
aluminum blades and a tip-controlled rotor with steel spar blades 
having no twist. Both rotors were unconed and used the same teetered 
hub. The blades are described In the rotor section. 

Wind speed was measured at hub height on an anemometer 1.56 rotor 
diameters upwind of the wind turbine tower. (Wind data are currently 
being taken at the Mod-0 test site on an array of five measuring 
stations at hub height, at a radial distance of 59.4m (195 ft.) from 
the tower centerline and spaced at 45 degree intervals covering the 
directions of the most prevalent winds. The measuring station most 
nearly upwind during a test is selected as the reference wind 
speed.) Wind turbine orientation relative to the wind is determined 
by the anemometer/wind vane mounted on the nacelle. 

The tests were conducted at nominal rotor speeds of 20 and 26 rpm; 
however, actual rotor speeds were somewhat higher due to slip in the 
drive train, and more precise rotor speed is presented in the text 
below. The drive train was changed during the test, with the tests 
of the fixed pitch aluminum blades being conducted with a synchronous 
generator and a fluid coupling (for slip) In the drive train, and the 
steel spar blade test being conducted with a high-slip, 2-speed 
Induction generator and with the fluid coupling removed. Other than 
the slight change In rotor speed, it Is felt that the drive train 
changes had no effect on the test results. 
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Rotor 


Two rotors were tested for the effect of stall on teetered rotor 
instability. The first series of tests was run with aluminum blades 
which employ the NACA 230 series airfoil and are highly twisted. Due 
to the constraints of the hub geometry, these blades had to be 
Installed such that the chord plane at the 3/4 radius point made an 
angle of +2.8 degrees with the rotor plane (feathered Is -90 deg.) 
which exacerbated the tendency to stall by creating high angles of 
attack at lower wind speeds. The second series of tests was 
conducted with a steel spar, tip-controlled blade with a high 
performance NACA 643-618 airfoil over the movable outboard 30?J of 
the blade. This airfoil has very gentle stall properties, and the 
effect of this characteristic on stall was of particular Interest In 
the study. The characteristics of the rotors are summarized In Table 
1, blade planforms are shown In Figures 2 and 3, and blade thickness 
and twist distribution for the aluminum blades are presented In 
Figures 4 and 5. 


Table 1 - ROTOR CHARACTERISTICS 


Steel Spar, Tip Control Blade 

Rotor dia., m (ft). . 38,39 (126.0) 

Root cutout, % span 23 

Tip control, % span 30 

Blade pitch, Inb'd sec., deg. Zero 
Airfoil (Inb’d sect.) . NACA 23024 
(outb'd 309J). NACA 647-618 

Taper Linear 

Twist, deg . • Zero 

Solidity 0.033 

precone, deg Zero 

Max. teeter motion, deg. ... 1° 
Blade mass, kg (lb) . . 1815 (4000) 

Blade Lock number* 6.56 


Twisted Aluminum Blade 

Rotor dia., m (ft). 38.5 (126.37) 

Root Cutout, % Span 5 

Fixed Pitch — 

Blade Pitch 7S% Span, deg. . 2.8 

Airfoil NACA 230 series 

(root to tip) 


Taper Linear 

Twist, deg 34 

Solidity 0.030 

Precone, deg Zero 


Max teeter motion, deg. . . .1® 
Blade mass, kg (lb) . 1043 (2300) 
Blade Lock number*. .... 11.95 


* Blade Lock number, ^ , is the ratio of aerodynamic force to Inertia 
force on a rotor blade and is defined as: 
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where 


^ B air density 
Bq f’ slope of airfoil lift curve 
c s average blade chord 
R B blade radius at tip 
Ig » blade mass moment of Inertia 


TEST RESULTS 

Tests were conducted on the wind turbine at low rotor speeds to 
reduce the wind speed and power at which blade stall was predicted to 
occur and at two rotor speeds on the fixed pitch rotor to demonstrate 
any effects which might occur due to Increased rotor speed. Results 
are presented for the tip-controlled rotor In two modes of operation, 
first with the blade pitch fixed at zero degrees; and second, In the 
power control mode with the maximum power set at 90 kW. 

The test results are presented In terms of power and teeter angle 
versus wind speed. Data presented were obtained from a Bins analysis 
[3l of data taken during wind turbine operation. The median values 
of alternator power output, and the median and maximum values of each 
bln of the cyclic teeter angle are shown In Figures 6 to 9. It 
appears from the test results that the median value of teeter angle 
is Indicative of the behavior of the rotor In steady winds while the 
maximum value of teeter angle Is Indicative of the stall margin or 
the behavior of the rotor in unsteady winds. A decrease In stall 
margin is indicated by an Increase In maximum teeter angle. The 
results are discussed in detail In the Discussion section below. 

Tests were conducted at nominal rotor speeds of 20 and 26 rpm; 
however, due to various levels of slip In the drive train, slight 
variations in rotor speed occurred from these nominal values. Rotor 
speeds at zero power level and at a power level of 100 kW along with 
the slip at 100 kW as a percent of the zero power rotor speed are 
given In the table below. Drive train slip has been found to vary 
linearly with power over the normal range of power levels for both 
the synchronous generator and fluid coupling drive train and for the 
rigid drive train with the high-slip induction generator. Rotor 
specJs and values of slip for each test configuration are presented 
in Table 2 below. 
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Table ?. - Rotor Speed and Pr1vo Train Slip for Configurations Tested 


Configuration and ^ 

Rotor Speed 
0 Power 

- rpm 
100 kW 

OrTve Train 
Slip % 

Aluminum Blades - 20 rpm 

20.0 

21.4 

7.2 

Aluminum Blades - 26 rpm 

26.3 

27.5 

4.6 

Steel Spar Blade 20 rpm 
Fixed Pitch Mode 

19.9 

20.8 

4.5 

Steel Spar Blade 20 rpm 
Power Control Mode 

20.7 

22.2 

7.2 


We feel that the rotor speed changes due to changes in the drive 
train have no effect on the general conclusions of this work and 
therefore the nominal values of rotor speed are used in the data 
presented below. 

Results for the twisted aliitninuin blades with the NACA 230 series 
airfoil and for the steel spar, tip-controlled blade with the high 
performance NACA 643-618 airfoil are presented below. 

Twisted Aluminum Blades 

Figure 6 presents power and teeter angle versus wind speed for the 
230 series airfoil at 20 rpm. The power curve indicates that rotor 
stall begins to occur at a wind speed somewhere between 4.5 and 5.5 
m/s and that stall is well established by 7 m/s. The plot of teeter 
angle indicates similar relationships with wind speed, with the 
median value of teeter angle starting to increase from a base value 
of 1.25 degrees at about 5 m/s and total stall occurring at 7 m/s. 

The maximum value of teeter angle indicates a similar trend with 
unstalled operation indicated below 3.5 or 4 m/s and fully stalled 
operation occurring above 6 m/s. 

Operation of the twisted aluminum blades at 26 rpm, shown in Figure 

7, produced results similar to operation at 20 rpm except that the 

effects of stall are seen at a wind speed about 2 m/s higher. The 
power versus wind speed curve shows unstalled operation at wind 
speeds below 6.5 m/s, the onset of stall at about 7.5 m/s and a fully 

stalled roto. at 8.5 to 9 m/s. The plot of teeter angle versus wind 

speed would indicate similar conclusions, particularly when only the 
median values of teeter angle are considered. Using the maximum 
values of teeter angle as the stall criterion would reduce the wind 
speeds for stalled and unstalled rotor operation slightly, however. 
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Tip Controlled Rotor with High Performance Tips 

Figures a and 9 present output power and teeter angle data for the 
tip-controlled rotor with the NACA 643-618 high performance airfoil 
on the moveable tip which extends from the 70^ span point to the 
« 4 ^ This airfoil was of particular Interest In these tests because 
n! characteristics compared to the NACA 230 series 
loses lift abruptly as the stall angle is exceeded. 
Section lift characteristic for the airfoils tested are shown 1n 
Figure 10. The section lift characteristics are derived from 
Reference 5 and represent values for a "one-half rough" surface TBI 
on the outboard section of the rotor blade. 


The power versus wind speed curve of Figure 8a indicates this gentle 
stall characteristic but It Is demonstrated more vividly In the 

Although the maximum 

values of teeter angle Indicates behavior similar to that obtained 
for the rotor with the NACA 230 series airfoil the median values of 
teeter angle show a much gentler Increase of teeter angle with wind 
speed. To determine the state of the rotor we must rely on the 
maximum teeter angle rather than the power curve or the median value 
of teeter angle since maximum values Indicate Incidence of extreme 
motion. Using the maximum teeter angle as the criterion, unstalled 
operation Is apparent at wind speeds below 5 m/s, stall onset occurs 
between 5 and 6 m/s and the rotor is fully stalled, at wind speeds 
above 6,5 m/s* 

Pn rotor were run with the maximum power set 

at 90 kW, referred to as the Power Control mode In Table 2. These 
results were of Interest because they show the effect of power 
control on rotor teeter stability. As power control becomes 
effective, the blades are pitched toward feather which reduces the 
angle of attack. When the blade angle of attack is low enough to 
unstall the blades, teeter stability is reestablished. These effects 
are Indicated In the ►'esults presented In Figure 9. The power versus 
wind speed plot. Figure 9a, Is linear with wind speed and shows no 
tendency to flatten as wind speed increases, over the wind speed 
range of the test. The teeter angle plot, however, Indicates major 
differences when compared with the fixed pitch case shown In Figure 
8. The median value of teeter angle Increases with wind speed until 
3 wind sp6Gd of 8 m/s is ^'Gdched the teetet^ dnole decresses ss 
power control becomes effective and starts to reduce blade pitch 
angle to maintain the power set point. The effect of power control 
is also seen In the maximum value of teeter angle where the data 
indicates that impact with the teeter stops did not occur at wind 
speeds In excess of 11 m/s showing the effect of blade pitch angle In 
reducing the angle of attack on the tip section and reestablishing 
rotor stability. ^ 
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A comoarlson of tho teeter anqles for fixed pitch operation, Figure 
ftb with tho*>o of tho power control mode of oporation, Figure b, 

Ihow that teeter angles for wind ^poed-. below 8 are higher 

fiJ the Soier control modrof operation. No ^^planation can be given 

tufbuloncG 0^ shonr In tho wind could ^ffoct tho i 

dlfforQ^ces \« m doton?. thQ 9Qr,or«) ro1.t1anr,hlp6 and 

information obtained are felt to be valid. 


DISCUSSION 

r s"rndT:^rbura/r.5s^ir;dn”^ 

™tor Instabtllty observed Is * “ 

fa^rul^ed‘^^”uS^o^^?^ raftaJl:%e:t2t-w/nJ^^ e VJr 

£ rlr;r,r !;;r,s-K ;Bir.s;«;'S 

?ra.r»lSrof‘u'd:gnrerw“ioui3“eipr,?n^ 

the stall indicated by the median teeter angle values in *^JSures 6b 
aUd 7b as «en as thj sharp stall cbaracterlst cs of the Na« 230 
series airfoils shown in Figure 10. Indpd, the fact that the 
twisted blades tested are predicted to stall 

the blade at the same wind speed may be the most ^ 

fho hphAvlor of the fixed pitch rotor^ Tests are planned with 

stall characteristics on teetered rotor stability. 

The untwisted blades of Td^ree^or 

'*'’'"Jrrthe'r7“lftt*o’9%Udf sratton wM?h could havl soine 
eJJert on Thl S;hai"or of tLter au,les as wind speed Increases, as 
wHt as thfL^arlJall characterUtlc of the NACA 64 series 
airfoil. Unfortunately the configurations tested did not ellml 
this variable from the data. 
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If the wind speed Is obtained for a given rotor 
stable or unstable, from Figures bb, Jb, and 8b, 

of attack for each condition for the blade ,tt “k vtrti? 

FHniirec 11 and 12 which present calculated angles of atcacK versus 
wiSd speed fSr eacrroto". This process has been followed and the 
results are presented in Table 3 below. 

Table 3 - CALCULATED ANGLES OF ATTACK FOR STABLE UNSTABLE ROTORS 
(Average values for Outboard 30?( of Blade) 


Rotor configuration 

“ Stab' 

Wind Speed 

m/s 

le 

Angle of 
Attack 
deg. 

Dns 

Wind Speecf 
m/s 

table 
Angle of 
Attack 
deg. 

230 Series, 20 rpm 

4 

8.5 

6+ 

13.5 

230 Series, 26 rpm 

6 

9.5 

8+ 

13.5 

64 Series^ 20 rpm 

5 

6.5 

6.5 

9.5 


A<w.<Fn-n «ortinn lift orooertles for the two rotors, derived from 
Se^rrllcrs! are rhLnS Figure 10. Locating the calculated angles 
nt attack for stalled and unstalled operation on the section lift 
furJ^s shoSs that the calculated angle of attacks and the section 
lifrcurves give a good indication of rotor stability for both the 
NACA 230 series and^for the NACA 643-618 rotors. In the case of 
both airfoils! a stable rotor is Indicated when the angle of attack 
amno the linear portion of the section life curve and a stalled 
Y^nfnr il indicated by an angle of attack which is high enough to 
ula?e (he btade on the non-linear portion of the curve. Also, the 
results Indicate that a rather straightforward ^ 

rx?«tfd.’‘Sre(a((il(n"h:tn-lrnrpoS 

;frgln! ^?:?("Sarel'ntu«ea\(“l|ram(lirude°ree?e( motions In 
variable winds. 

Thp rp<;ults from the teeter angle response tests indicate 
nitch the blades toward feather as the blade local angle of attack 
5pprSaches tJrnon!linear portion of the section lift curve. In 
cases where rotors operate at high blade angles of attack, this 
action would provide a stall margin and prevent e^^cessive teeter 
inflnn This aooroach would reduce the performance of the rotor near 
Jated wind speed^somewhat, but would reduce the chance °f ijP^^ting 
th( teelSr stops w??(h woild Improve the reliability and life of the 

rotor. 
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CONCLUSIONS 


Tests conducted on the TOO kW Mod-0 experimental wind turbine have 
demonstrated the causes and effects of stall Induced teetered rotor 
Instability. As a result of the experiments performed the 
conclusions listed below were derived, 

0 Rotor stall which produces teetered rotor Instability occurs 
when the angle of attack on the outboard 30?^ of the rotor 
blade approaches the non-linear portion of the section lift 
curve of the airfoil. 

0 Tests at two rotor speeds Indicated that rotor speed had no 
Influence on stall. The same effects were noted at 
approximately the same tip speed ratio, 1,e., at a higher wind 
speed for the higher rpm case. 

0 Blade angle of attack calculations made with relatively 
straightforward aerodynamic techniques and airfoil section 
lift properties appear to explain fully the basic elements of 
stall Induced teetered rotor Instability. 

0 Blade pitch can be used to provide a stability margin which 
will prevent or reduce the tendency of rotors to become 
unstable near rated wind speed. This will result In a slight 
loss of rotor performance however. 

0 The relative Importance of blade twist and of airfoil section 
stall characteristics on the rate of onset of rotor 
Instability with Increasing wind speed was not established by 
these tests. Tests are planned which will provide this 
Information. 
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Figure 1, - Nod-0 100 kW Experimental Wind 
Turbine with Teetered, Tip-Controlled Rotor. 
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Figure 2 . Steel Spar, 

Tip Control Blade PI an form 


Figure 3. Twisted 
Aluminum Blade Planform 
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Figure 4. Thickness to Chord 
Ratio for Twisted Aluminum 
Blade 


Figure 5. Twist Distribution 
for Twisted Aluminum 
Blades 
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Figure 6. Fixed Pitch Rotor with NACA 230 Series Twisted Aluminum 
Blades at 20 rpm; (a) Alternator Power Output, and (b) Cyclic Teeter 
Angle Versus Wind Speed 
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Figure 7. Fixed Pitch Rotor with NACA 230 Series Twisted Aluminum 
Blades at 26 rpm; (a) Alternator Power Output and (b) Cyclic Teeter 
Angle versus Wind Speed 
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Figure 8 . Tip-Controlled Rotor with NACA 643 - 6 I 8 Moveable Tip 
in Fixed Pitch Mode at 20 rpm; (a) Altematof Power Output and 
(b) Cyclic Teeter Angle Versus Wind Speed 
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Figure 11. Calculated Blade 
Angle of Attack Versus Wind 
Speed for Twisted Aluminum 
Blade at 0.7 and 0.9 Blade 
Span for Two Rotor Speeds 
20 and 26 rpm 
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Figure 12. Calculated Blade 
Angle of Attack Versus Wind 
Speed for Tip- Control led 
Blade, for Blade Pitch Angle 
of 0 Deg. , at 0.7 and 0.9 
Blade Span. Rotor Speed 


